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[57] ABSTRACT

A method for passivating mirrors in the process of fabri-
cating semiconductor laser diodes 1s disclosed. Key
steps of the method are: (1) providing a contamination-
free mirror facet, followed by (2) an in-situ application
of a continuous, insulating (or low conductive) passiv-
ation layer. This layer is formed with matenal that acts
as a diffusion barrier for impurities capable of reacting
with the semiconductor but which does not itself react
with the mirror surface.

The contamination-free mirror surface is obtained by
cleaving in a contamination-free environment, Oor by

cleaving 1n air, followed by mirror etching, and subse-
quent mirror surface cleaning. The passivation layer
consists of $1, Ge or Sb.
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METHOD FOR MIRROR PASSIVATION OF
SEMICONDUCTOR LASER DIODES

DESCRIPTION

1. Field of the Invention

The invention concerns a method for passivating
mirrors of semiconductor laser diodes to avoid device
performance degradation due to mirror contamination.
According to the inventive method, which is applicable
to cleaved and etched mirror devices, a passivation
layer of suitable material is deposited “in-situ’ on con-
tamination-free mirror facets.

2. Background of the Invention

Semiconductor laser diodes have found applications
in a wide variety of information handling systems be-
cause of their compact size and because their technol-
ogy 1s compatible with that of the associated electronic
circuitry. They are being used in areas related to data
communication, optical storage and optical printing.
Most commonly used are group III/V compounds and
alloys of which, particularly, A1GaAs lasers have found
extensive usage.

Historically, mirror facets have been obtained by
cleaving laser bars, i.e, layered structures forming the
active waveguide of the device. Cleaving usually pro-
vides single devices that require individual processing
and testing. More recently, a strong trend has devel-
oped to increase the scale of integration that requires
replacement of at least one cleaved mirror facet of the

laser diodes by an etched mirror. This technology ap-
pears promising, since substantial progress has been
made in obtaining good quality etched mirrors. Pro-

cesses such as mirror coating and testing can now be
performed at the wafer level with the benefit of reduced
handling, increased yield, and lower fabrication and
testing costs.

Reliability and thus maximum lifetime of a device is
one of the most important and critical criteria for both
types of lasers, i.e., for those with cleaved and for
etched mirrors. These factors are heavily affected by
mirror contamination and degradation which lead to
device heating and, ultimately, device destruction.

For more than a decade, proposals and attempts have
been made to solve these problems. Most successful
among the proposed solutions has been coating the
mirror facets with passivation layers which are applied
to protect the mirror surfaces against contamination.
Some of these approaches, illustrating the development
of the passivation techniques and representing the pres-
ent state of the art, are described in the following publi-
cations:

Article “Effects of facet coatings on the degradation

characteristics of GaAs-GaAlAs DH lasers” by Y.

Shima et al (Appl. Phys. Lett., Vol. 31, No. 9, No. 1,
1977, pp 625-627), probably contains the first discussion
of the influence of facet coating on AlGaAs laser degra-
dation. The authors achieved drastic improvements in
slowing degradation rates and maximum power output
by covering cleaved mirrors with Sio; or AlbQs. For
Al;O3, an optimum degradation rate of about
—0.001/hour at 2 mW/um light output was obtained.

Article “Insulating carbon coating on (AlGa)As DH
laser facets” by T. Furuse et al (Appl. Phys. Lett., Vol.
44, No. 4, 15 Aug. 1978, pp 317-318), reports on a fur-
ther improvement of the degradation rate by applying a
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‘carbon coating. The authors report stable lasing opera-
tions at 4 mW for over 6000 hours. .

Article “High-power-density single-mode operation
of GaAs-GaAlAs TJS lasers utilizing Si3N4 plasma
deposition for facet coating” by H. Namizaki et al (J.
Appl. Phys. 50(5), May 1979, pp 3743-3745), describes
a method of laser diode facet coating involving plasma
deposition of Si3sN4 onto the mirror surface. It was
tound that, after 1000 hours of operation at 4mW/um,
little change in the operating current occurs.

Article “Pulsed-power performance and stability of
800 nm GaAlAs/GaAs oxide-stripe lasers” by F. Kap-
peler et al (IEE Proc., Vol. 129 pt. 1, No. 6, Dec. 1982,

pp 256-261), reports experimental results and theoreti-
cal investigations of AlGaAs/GaAs lasers under pulsed
power conditions. The authors used Al,O3 coated mir-
rors and applied an argon ion sputter process for pre-
cleaning the mirror facets prior to deposition of the
passivation. No improvement of the maximum obtain-
able output was reported; in fact, high-energy sputter-
Ing, causing surface defects, seems to have had a nega-
tive effect.

Article “Reactive outdiffusion of contaminants from
(AlGa)As laser facets” by P. Tihanyi et al (Appl. Phys.
Lett., Vol. 42, No. 4, Feb. 15, 1983, pp 313-315), de-
scribes a different approach for precleaning mirror sur-
faces. The authors deposited a thin, metallic Al film
directly on the air-cleaved facet and claim that the pro-
cess eliminated a large part of surface contaminations
due to gettering of the Al.

Article “High-power 0.87 micron Channel Substrate
Planar Lasers for Spaceborne Communications” by J.
C. Connolly et al (SPIE 885 Free-Space Laser Commu-
nication Technologies, 1988, pp 124-130), represents
state of the art high performance AlGaAs lasers. Passiv-
ation was obtained by optimizing Al;O3 deposition
techniques. The device allowed single mode operation
up to about 200 mW, at which point, immediate cata-
strophic optical damage occurred. In lifetests at 50 mW
(50% duty-cycle) and at room temperature, devices
have operated over 5000 hours with little or no change
in drive current. No lifetime date are reported for
higher power levels (but below 200 mW).

At present, high performance lasers still suffer from a
number of deficiencies:

Continuous operation output power above 200 mW is

still not possible for an extended period of time;

For operation at about 50 mW continuous output

power, the lowest degradation rates achieved
ranges from 10—> and 10— per hour, i.e., the de-
vice lifetime is still limited: and

Devices undergo a “burn-in” phase during which the

output power shows a substantial decrease until the
slow degradation phase is reached at approxi-
mately 100 hours of operating time.

As demonstrated by the above cited publications,
various processes have been suggested for passivating
mirror surfaces. However, no reference has been made
in the art to disclose or suggest an in-situ deposition of
a passivation layer on a contamination-free mirror sur-
tace, a process found to provide superior results and
used 1n the process described hereinafter.

Although many materials have been suggested for
mIrror passivation, it is not known by those versed in
the art of using Si, Ge or Sb for this purpose, as it is
proposed in the present invention. Si has been widely
used in the fabrication and design of other GaAs tech-
nology devices. By way of example, a MOS transistor
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fabrication process disclosed in the article “Unpinned
GaAs MOS Capacitors-and Transistors” by S. Tiwary
et al (IEEE -Electron Device Letters, Vol. 9, No. 9,
Sept. 1988, pp 488-490) uses an extremely thin MBE-
grown S1 terminating layer that is applied to the GaAs
transistor channel surface during an intermediate pro-
cess step. In a subsequent chemical SiO; deposition, the
S1 layer 1s consumed into the oxide film, as required for
proper operation of the MOS device.

Accordingly, it is a main object of the present inven-
tion to provide a method for fabricating high-power,
long life, high performance diode lasers.

Another object is to provide a method for depositing
passivation layers to provide effective protection to
laser mirrors against contamination, thereby avoiding
early device deterioration.

A further object 1s to provide a diode laser structure
with a passivation layer applied to the mirror facets,
effectively preventing mirror degradation and, thus,
providing a high-power, high-reliability device.

SUMMARY OF THE INVENTION

The invention as claimed is intended to meet the
aforementioned objectives. The inventive method
solves the problems previously encountered in that a
contamination-free mirror facet is provided with a con-
tinuous, insulating (or low conductive) passivation
layer, applied “in-situ”. The passivation layer is formed
with material that effectively prevents the diffusion of
impurities capable of reacting with the mirror facet
interface, but not with the mirror itself, in an environ-
ment that does not contain oxygen. In a preferred em-

bodiment, St is used. Other suitable materials are Ge and
Sb.

The main advantage offered by the invention are that
semiconductor laser diodes fabricated in accordance
with the inventive process exhibit substantially im-
proved degradation behavior, resulting in very high
power lasers of superior reliability and, thus, increased
hifetime. In addition, these lasers, when in operation, do
not undergo an 1nitial, fast degradation “burn-in”’ phase
as 1s the case in the prior art.

DESCRIPTION OF THE DRAWINGS

The 1nvention 1s described in detail below with refer-
ence to drawings which illustrate a specific embodiment
including performance characteristics of devices fabri-
cated 1n accordance with the teaching of the invention,
and in which:

FIG. 1 1s a perspective view of a laser bar consisting
of a rndge GRINSCH structure according to the inven-
tive method of forming contamination-free mirrors fol-
lowed by in-situ passivation;

FIG. 2 1s a schematic representation of a vacuum
chamber in which the contamination-free laser mirror
facets are formed and passivated;

FIG. 3 shows laser power degradation curves of
cleaved mirror lasers with (1) a 20 nm Si passivation,
and (2) a conventional Al;O3 coating; and

FIG. 4 shows a light power/operating time.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Before describing the invention in greater detail, the
purpose and basic concept underlying the invention will
be briefly outlined by referring to the experiences and
problems encountered with hitherto known processes
and devices.
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Important steps in the fabrication process of AlGaAs
(or other I1I/V compound) laser diodes are the prepara-
tion of the mirrors, conventionally by cleaving and,
recently, also by etching and subsequent passivation.
The standard procedure has been to cleave the laser bar
(1.e., the layered structure forming the laser waveguide)
in air, and to quickly transfer it to a vacuum system
where a protective passivation layer is deposited onto
the mirror facets. The purpose of this layer is twofold:
(1) to protect the mirror surfaces against corrosion and,
(2) to reduce the number of electrical surface traps
resulting from crystal defects. Both effects are responsi-
ble for the dissipation of energy occurring during laser
operation. This eventually could lead to mirror degra-
dation and even to irreversible catastrophic damage to
the device caused by excessive heating of the facets.
Despite the application of passivation layers, the life-
time of presently known lasers is limited by those degra-
dation mechanisms. Typical light output versus operat-
ing time diagrams, (at constant current applied to the
laser), shows an initial fast decrease—the so-called
“burn-in” phase—and a normally long phase of smaller
degradation rate with a nearly constant slope.

As previously stated, the passivation layer prevents
interaction of the AlGaAs with the surrounding atmo-
sphere, while the laser is in operation. There is no pro-
tection against impurities already present on the mirror
surface during passivation while the mirror is exposed
to air. Contamination of the AlGaAs-coating interface
1s therefore unavoidable.

A first important aspect of the present invention is to
provide a contamination-free mirror facet during pas-
sivation while maintaining the laser in a contamination-
free atmosphere. For cleaved mirror devices, this can
be accomplished by cleaving and depositing a protec-
tive layer “in-situ” in a vacuum system with adequate
low base pressure. The same principle applies to etched
laser devices. After completion of the cleaning process
leading to a contamination-free surface, the etched mir-
ror facets are coated in-situ with a protective layer. The
applied protective layer can either be the final passiv-
ation layer or a thin layer that protects the AlGaAs

surface until an additional thicker layer is deposited,
possibly in a different environment.

A second important aspect of the invention is the
choice of an appropriate material for passivation. Mate-
rials presently used, such as SiO; and Al,O3; do not
achieve the desired performance. The passivation layer
must act as a diffusion barrier to those impurities that
normally react with AlGaAs and must not react with
the material of the mirror itself. Since Al, Ga and As
form stable oxides, oxygen, OH, or even H50 should
not be near the laser mirror. Consequently, oxides are
not preferred.

Another requirement is that the conductivity of the
passivation layer be sufficiently low to avoid significant
currents across the mirror facet. This precludes using
highly conductive materials, such as metals, unless the
layers are made very thin. Additionally, the material
must form a continuous layer without pinholes and
pores. Tests indicate that the best results are obtained
with S1. Ge and Sb can also be favorably used as passiv-
ation materials.

Following is a detailed description of an example
according to the inventive method in which a passiv-
ation layer 1s deposited on a cleaved mirror facet.

First, a laser bar is made by means of an epitaxially
grown layered structure forming a waveguide. This
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waveguide serves as the laser cavity when both ends are
terminated with a mirror facet (see FIG. 1). This struc-
ture may be the same as manufactured by the process
described in an article by C. Harder et al, entitled
“High-Power Ridge-Waveguide AlGaAs GRINSCH
Laser Diode”, published in the Electronics Letters of
Sept. 25, 1986, Vol. 22, No. 20, pp 1081-1082 which is
specifically incorporated by reference herein. Briefly,
the sequence of steps for producing the layered struc-
ture 10 is as follows:

Layers 12 through 17 are thoroughly grown on an
n+ doped GaAs substrate 11 by, e.g., molecular beam
epitaxy (MBE). An n-doped GaAs buffer layer 12 is

grown on substrate 11 followed by a lower n-type clad-
ding layer 13 (0.2 um Algp.45Gag.ssAs). The core of the
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laser consists of a graded n-type region 14 (0.2 um Alg4

5Gag ssAs graded towards Alp.18Gag.g2As), an undoped
region 15 forming a quantum well (7 nm GaAs), a
graded p-type region 16 (0.2 um Alg4sGag ssAs) and,
finally, a p+ —GaAs contact layer 18 with doping den-
sity sufficiently high to allow a titanium-platinum-gold
electrode 19A to make good ohmic contact. A second
ohmic contact 19B at the bottom of the n-type substrate
11 1s obtained by alloying germanium, gold and nickel.

A nidge, about 5 um wide, can be formed on top of
the structure (as shown in FIG. 1) in order to act as a
lateral waveguide prior to applying the metal contact
electrodes. This ridge is obtained by first applying a
photoresist mask to define the ridge. Subsequently, 1 or
2 um of the exposed top layers are etched, and the
etching 1s stopped 0.2 um above the graded-index part
of the top cladding layer.

Further processing of laser bar 10 will now be de-
scribed by means of the schematic of FIG. 2. Bar 10,
with a length of a few millimeters, is scratched to pro-
vide two scribe lines 21, 750 um apart. They define the
positions where cleaving and mirror formation are to
take place. Bar 10 is mounted on a carrier 20, as shown
in FIG. 2A and is held by an upper (22) and a lower (23)
member that apply (through a mechanism not shown)
gentle pressure sufficient to keep the bar in place during
subsequent process steps.

The carrier 20, with the laser bar 10 mounted on it,
are placed in a vacuum system 24, as illustrated in FIG.
2B. System 24 comprises a (UHV) ultra high vacuum
chamber 25 of which only the outer walls are shown.
Omitted, for simplicity sake are the inlets and outlets,
the electrical connections, etc. Carrier 20 is placed in
the chamber so that it can easily be handled from out-
side. For example, it can be rotated around the horizon-
tal axis, as shown by arrow 26. The chamber is also
equipped with a lever or *“wobble stick” 27, entering the
chamber through a metal bellow 28 allowing mechani-
cal movement of the tip 29 to take place within the
vacuum chamber. With the relative position between
lever 27 and bar 10 maintained as shown, a movement of
the outer arm of the lever to the right (arrow 30) allows
tip 29 to apply a force on the upper end of laser bar 10.
- An E-beam evaporation source 31 for Si deposition
and a quartz-crystal oscillator 32 for monitoring the
thickness of the deposited layer during E-beam evapo-
ration are provided in chamber 25. The vacuum system,
the evaporation source and the crystal oscillator opera-
tion will not be described in detail since they are well
known in the art. Reference is made to a “Handbook of
Thin Film Technology”, edited by L. I. Maissel and R.
Glang (McGraw-Hill, 1970) for additional details.
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The sequence of steps required in the process of
cleaving and passivation for a system shown in FIG. 2B
1s as follows: |

The carrier 20 is placed in the chamber 25 with laser
bar 10 and the chamber pressure is reduced to
about 5X 10—8 Pa. (The next process steps can be
carried out at room temperature).

Moving the end of lever 27 extending outside the
chamber to the right, causes tip 29, located near the
upper end of the laser bar 10, to move to the left.
This causes the end of the bar to break at scribe line
21, thereby forming the first mirror facet.

After turning carrier 20 by 180 degrees about its
horizontal axis, the same process is repeated, result-
ing in breaking off of the second laser bar end at the
second scribe line, thus forming the second mirror
facet.

Activating the E-beam evaporation source 31 causes
deposition of an amorphous silicon layer on the
exposed mirror facet facing the source. The evapo-
ration process is terminated when the layer, moni-
tored by crystal oscillator 32, reaches the desired
thickness, e.g. 20 nm. By adjusting the electron
acceleration voltage, the evaporation rate can be
set so that the deposition process takes about one
minute.

After turning carrier 20 again by 180°, the same evap-
oration process is repeated, resulting in deposition
of a silicon layer on the second mirror facet.

This last process step completes the passivation coat-

ing and the laser element is ready for use.

FIG. 3 illustrates how laser power degrades with
device operating time, for a laser that uses the afore-
mentioned process. Compared are 1) a laser with a Si
passivation layer 20 nm thick (curve 35); and 2) a con-
ventional, state of the art, Al,03 coated laser (curve 36).

Curve 35 shows the output power of a Si-passivated
laser where a constant laser current (168 mA) was ap-
plied at room temperature for 500 hours. Curve 36
represents the measurement of a virtually identical la-
ser, except that a conventional Al,Oj3 coating is applied
mnstead of Si Passivation.

The superior performance of the Si-coated device
represented by curve 35, 1s evident: (1) there is virtually
no burn-in phase, 1.e., the laser is ready for immediate
use after fabrication, and (2) the degradation rate can be
as low as 8.4 X 10— 7/hour. Testing the device was ex-
tended over 5000 hours, with little change in degrada-
tion rate.

It has been proven, particularly for high power de-
vices, that reducing the Si-film thickness to about 1 nm
requires, an additional thick protective coating. This
coating may consist of Si3N4. For such lasers, extremely
high light output power has been achieved, as may be
determined from FIG. 4. Curve 41 represents the per-
formance of a 5 um ridge GRINSCH laser (as described
in the cited article by C. Harder et al) with a | nm
51/140 nm Si3N4 passivation coating. A 300 mW output
beam was maintained over 300 hours without measur-
able degradation.

Still referring to FIG. 4, curves 42 and 43 represent
two laser devices on the same wafer, both identical to
the laser of curve 41, except that their passivation did
not contain St applied in-situ. The lasers are operated in
a mode such that by applying laser currents results in an
mitial light output power of 220 and 180 mW, respec-
tively. This output power quickly deteriorates with
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catastrophic optical damage occurring shortly thereaf-

ter.

This comparison illustrates the superior power-
capabilities of the in-situ Si-passivated devices which
allow continuous, long lasting operation at 300 mW,
whereas the upper power limit for conventional devices
1s far below 150 mW.

Experiments have shown that lasers with mirrors
protected by Ge or Sb layers, instead of Si, exhibit
similar degradation behavior compared to that of Si
passivated devices, provided the layers are deposited
onto uncontaminated mirror facets.

The application of the Si-passivation concept in ac-
cordance with the present invention is not limited to
cleaved mirror devices. Any uncontaminated and stoi-
chiometric mirror face can likewise be protected. Dry
etched mirror lasers are examples which may become
Increasingly important in the future since they allow full
water processing and testing, i.e., passivation coatings
can be simultaneously applied to all devices on the
wafer.

A process for fabricating high power etched mirror
lasers with a Si passivation coating in accordance with
the present invention comprises the following preferred
steps:

Fabrication of the basic layered laser structure (as

described in the article by C. Harder et al);

Dry etching to create etched mirror facets (as de-
scribed in  European patent application
88.810613.5, filed on Sept. 12, 1988 and assigned to
the present assignee) and which is specifically in-
corporated by reference herein; Sputter cleaning of
the etched facets to remove residuals of the etching
process, e.g., with nitrogen/hydrogen ions, at 800
V and at a pressure of 0.4 Pa, followed by anneal-
Ing to remove surface defects;

In-situ E-beam evaporation, i.e., without breaking
vacuum within the system, of a 2 nm Si passivation
film, and |

Sputter deposition of Si3Ng films of various thick-
nesses onto the mirrors at both ends of the laser
waveguide, providing coatings of high and low
reflectivity, respectively.

The invention has been described in detail as applied
to the fabrication of specific AlGaAs ridge diode lasers
with either cleaved or etched mirrors. It should, how-
ever, be understood that 1t i1s likewise applicable to
other laser diode structures, as well as to devices con-
sisting of semiconductors other than AlGaAs. Also, the
processes and device parameters may differ from those
indicated hereinabove. For instance, Si layers may be
epitaxially grown using an MBE process, their being
crystalline rather than amorphous, and additional coat-
Ings may be deposited on the Si (or Ge, Sb), with mate-
rials other than Si3Na.

Accordingly, the present invention discloses:

A process of forming a contamination-free mirror
surface, either by cleaving or by cleaning of etched
mirror surfaces, and the subsequent mirror passiv-
ation executed in-situ in a contamination-free envi-
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8

ronment. The passivation layer must be continu-
ous, either insulating or of low conductivity, and of
a material that acts as a diffusion barrier for impuri-
ties capable of reacting with the mirror surface but
which does not react with the mirror material.
Suitable passivation materials are Si, Ge and Sb.
Laser diode devices fabricated in accordance with
the aforementioned method are less affected by
“burn-1n”’, show a significant improvement in life-
time and allow continuous operation at drastically
increased output power levels in excess of 300 mW,
at room temperature.

It 1s to be recognized that only an illustrative embodi-
ment of the present invention is shown and that changes
and modifications still within the spirit of the invention
will immediately occur to those skilled in the art. The
present invention then is to be limited only as set forth
in the following claims.

What 1s claimed 1is:

1. A method for passivating semiconductor laser di-
odes, comprising the steps of:

(a) providing a layered semiconductor structure

forming the active waveguide of a laser diode:

(b) processing said layered semiconductor structure
In an environment free of contamination so as to
provide contamination-free mirror facets in order
to terminate said active waveguide and define the
length of the laser diode cavity, and

(c) depositing a passivation layer of material selected
from a group comprised of silicon, germanium and
antimony, in-situ onto said contamination-free mir-
ror facets in said environment which is free of
contamination.

2. A method as in claim 1, whereby said passivation
layer 1s deposited onto a cleaved, contamination-free
mirror facets while maintaining the laser diode struc-
ture in the same environment in which cleaving was
performed.

3. The environment of claim 2 is further character-
1zed to be a vacuum with a pressure below 10~6 Pa.

4. A method as in claim 1, whereby said contamina-
tion mirror facets are obtained by using a dry-etching
process followed by plasma cleaning in a contamina-
tion-free environment.

3. A method as in claim 4, whereby said passivation
layer 1s deposited onto said contamination-free mirror
facets while keeping the laser diode structure in the
same environment in which said plasma cleaning was
performed.

6. A method as in claim 1, whereby said contamina-
tion-free mirror facets are obtained by a dry-etching
process such that said passivation layer is deposited
onto sald contamination-free mirror facets while the
laser diode structure remains in the same environment
1in which said dry-etching process was performed.

7. A method as in claim 4, whereby said plasma clean-

ing 1s followed by an annealing process to remove facet

defects.
* i * ¥ *x
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